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ABSTRACT: The fluctuation of fuel price levels along with the continuous endeavour of the shipping 9 
industry for economic growth has led the shipbuilding industry to explore new designs for various 10 
types of ships. In addition, the introduction of new regulations by the International Maritime 11 
Organisation frequently triggers changes in the ship design process. In this respect, proper use of 12 
computer-aided ship design systems extends the design space, while generating competitive solutions 13 
in short lead time. This paper focuses on multi-objective optimisation of the design of containerships. 14 
The developed methodology is implemented on CAESES® software and is demonstrated by the 15 
conceptual design and optimisation of a 6,500 TEU containership. The methodology includes a 16 
SDUDPHWULFPRGHORIWKHVKLS¶VH[WHUQDODQGLQWHUQDOJHRPHWU\DQGWKHGHYHORSPHQWDQGFDOFXODWLRQRI17 
all required properties for compliance with the design constraints and verification of the key 18 
performance indicators. The latter constitute the objective functions of the multi-objective 19 
optimisation problem. The energy efficiency design index, the ratio of the above to below deck 20 
number of containers, the requiUHGIUHLJKWUDWHWKHVKLS¶V]HUR-ballast container capacity and the total 21 
ship resistance were used in this study. Genetic algorithms were used for the solution of this multi-22 
objective optimisation problem. 23 
 24 
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1 INTRODUCTION 27 
 28 
1.1 Container shipping industry 29 
 30 
Global containerised trade has been on constant growth since 1996. It is worth mentioning that in 31 
2015, there was a 2.4% growth, which can be translated to a total movement of 175 million TEUs in 32 
one year (UNCTAD, 2016). The fluctuation of fuel price has caused changes in the operation of ships. 33 
Since 2008, the fuel price has dropped and nowadays heavy fuel oil (HFO) costs as low as 250 $/t. 34 
Marine diesel oil (MDO) has been following similar course and can be found at prices of around 450 35 
$/t (Ship & Bunker, 2017). However, this does not always result in lower shipping rates. The 36 
introduction of emission control areas (ECAs) has affected the fuel type ships use. Use of low sulphur 37 
fuel is now required in certain parts of the world. The price difference between fuel types can be 38 
significant. In addition, the recent landmark decision by the International Maritime Organisation 39 
(IMO) Marine Environment Protection Committee to implement a global sulphur cap of 0.5% m/m 40 
(mass/mass) from 1 January 2020 has introduced a step change to the framework of designing and 41 
operating ships (IMO, 2016). 42 
 43 
In the years before 2014 and the collapse of the fuel prices, the shipping industry was adopting several 44 
practices to reduce fuel consumption. One of them was slow steaming (SS) (Tozer, 2008) and super 45 
slow steaming (SSS) (Maloni et al., 2013, Bonney & Leach, 2010). In comparison to some years ago -46 
when operational speeds of around 25 knots were common- containerships nowadays travel at around 47 
18-20 knots in slow steaming and at 15 knots in super slow steaming. Ship design for lower speeds 48 
has major impact to fuel savings and may reduce their energy efficiency design index (EEDI) levels 49 
(White, 2010). 50 
 51 
The recent improvements in technology and engineering have made the introduction of ultra large 52 
container vessels possible. A new trend, known as cascading, resulted from the high number of new 53 
building programmes initiated by many liner companies. These orders consisted primarily of very 54 
large containerships. The continued influx of such large vessels into the market has led to a large 55 
number of vessels being cascaded onto trade lines that historically have been served by smaller 56 
vessels (Köpke et al., 2014). Hence, routes where 2,000-3,000 TEU containerships are preferred by 57 
charterers at the moment may attract larger vessels in the near future. Since the former category of 58 
ships is mainly used for the purpose of short sea shipping, ships in the 6,000 TEU category could 59 
become widely popular among the ship owners and the charterers. In addition, the recent opening of 60 
the new Panama Canal locks means that the Post-Panamax containerships can be utilised in more 61 
transport routes, including the trans-Panama services (van Marle, 2016). 62 
 63 
Although container carriers do not spend considerable amount of time in ports, port efficiency is 64 
considered as one of the most important factors in containership design. The less port time they spent, 65 
the more time is available for cruising at sea, which means that vessels can operate in lower speeds 66 
and consequently reduce fuel consumption. Usually, the transport efficiency is optimised by focusing 67 
on the schedule of the ships visiting a specific port (Kurt et al., 2015). However, in our case the 68 
optimisation focuses on the ship itself, making the incorporation of the port efficiency in the holistic 69 
optimisation of containerships possible. In this study a simplified approach was used, namely 70 
monitoring the ratio of the above to below deck containers¶ number. As Soultanias (Soultanias, 2014) 71 
has found, the larger the ratio, the faster the loading and unloading of containers; thus, the time spent 72 
by ships in port is reduced. 73 
 74 
1.2 International regulatory framework 75 
 76 
Recent developments in the international maritime regulations are going to greatly affect future ship 77 
designs and particularly containerships. One major development is the introduction of the EEDI, in 78 
2012 (IMO, 2012a, c, b). This is a major step forward in implementing energy efficiency regulations 79 
for ships, limiting greenhouse gas emissions, through the introduction of the EEDI limits for various 80 
ship types. The EEDI relates the CO2 emissions of a ship to her transportation work and is in fact an 81 
LQGLFDWRURIDYHVVHO¶VHQHUJ\HIILFLHQF\7KHGHWHUPLQDWLRQRI((',LVEDVHGRQDUDWKHUFRPSOLFDWHG82 
looking (but indeed simple) formula, while it is required that the calculated value is below a reference 83 
line set by the IMO regulation for the specific ship type and size. The EEDI requirement for new ships 84 
started with some baseline values in 2013, and is being lowered (thus becoming more stringent) 85 
successively in three steps until 2025, when the 2013 baseline values will have been reduced by 30%. 86 
It is evident that EEDI is a ship efficiency performance indicator that should be minimised in the 87 
frame of a ship design optimisation. 88 
 89 
New rules have been recently developed regarding the control and manaJHPHQWRIVKLSV¶EDOODVWZDWHU90 
and sediments and will be applied to all ships as of September 2017 (IMO, 2004). Although various 91 
systems and technologies aiming at the minimisation of the transfer of organisms through ballast 92 
water to different ecosystems are currently available, their installation on board ships increases their 93 
capital and operating costs. Therefore, research has been focusing lately at solutions to reduce the 94 
amount of required ballast water. This problem is more severe for containerships, which inherently 95 
carry more ballast water, even at the design load condition, for which the ratio of the containers 96 
carried on deck to those carried under deck should be maximised. Thus, design solutions for modern 97 
containerships that consider zero or minimal water ballast capacities are very appealing to the ship 98 
owners. Nevertheless, attention should be paid to the overall cargo capacity as well, so as to maintain 99 
competitive values in all respects. 100 
 101 
Finally, as far as safety regulations are concerned, a new generation of intact stability criteria is 102 
currently being developed by the IMO (IMO, 2015). The introduction of ships with newly developed 103 
characteristic and operation modes has challenged the assumption that the current criteria are 104 
sufficient to prove their stability. Hence, the new criteria will be performance-based and will address 105 
five modes of stability failure; parametric roll, pure loss of stability, excessive acceleration, stability 106 
under dead ship condition and surf-riding/broaching (Peters et al., 2011). As far as containerships are 107 
concerned, parametric roll is considered to be one of the most important modes of stability failure 108 
(Spyrou, 2005). Hence, the draft criteria of level 1 and 2 for parametric roll failure mode according to 109 
SDC 2/WP.4 (IMO, 2015) are applied as part of the optimisation process in this study. 110 
 111 
2 PARAMETRIC CAD MODELLING 112 
 113 
In recent years, several researchers have presented significant computer-aided design (CAD) 114 
methodologies dealing with ship design process and inherently its optimisation (Brown & Salcedo, 115 
2003, Campana et al., 2009, Mizine & Wintersteen, 2010). A common characteristic of most of the 116 
earlier presented works is that they are dealing with specific aspects of ship design or with new 117 
system approaches to the design process. On the other hand, the present study deals with a fast, 118 
holistic optimisation of a Post-Panamax, 6,500 TEU containership, focusing on optimisation of the 119 
VKLS¶VDUUDQJHPHQWVZKLOHFRQVLGHULQJDOOVLGHHIIHFWVRQVKLSGHVLJQoperation and economy (Priftis, 120 
2015). Holism is interpreted as a multi-objective optimisation of ship design and is based on the main 121 
idea that a system, along with its properties, should be viewed and optimised as a whole and not as a 122 
collection of parts (Papanikolaou, 2010). Efforts are currently being made in the framework of the 123 
European Union funded HOLISHIP project, in that respect (HOLISHIP, 2016). According to the 124 
SURMHFW¶VDSSURDFKDSURSRVHGPRGHOIROORZVPRGHUQFRPSXWHU-aided engineering (CAE) procedures 125 
and integrates techno-economic databases, calculation and optimisation modules and software tools 126 
along with a complete virtual model which allows the virtual testing before the building phase of a 127 
new vessel. :LWKLQWKLVFRQWH[WDSDUDPHWULFVKLSPRGHORIVKLS¶VH[WHUQDODQGLQWHUQDOJHRPHWU\LV128 
created at first, followed by a multi-objective optimisation to determine an optimal design (Fig. 1). 129 
 130 
 131 
Figure 1: Design optimisation procedure 132 
 133 
2.1 Parametric model 134 
 135 
Modern CAD/CAE software tools are used to generate the parametric ship model, following the 136 
principles of a fully parametric design. The geometric model is produced within CAESES® 137 
(Friendship Systems, 2017), and consists of four main parts; the main frame, the aft body, the fore 138 
body, and the main deck (Fig. 2). An initial hull form is used as a baseline for our model and is 139 
WUDQVIRUPHGWRJHWWKHGHVLUHGKXOOVKDSHIRUWKLVVWXG\¶VEDVHOLQHPRGHO,QRUGHUWRDFKLHYHWKLV140 
several parameters are defined to control certain parts of the hull. Apart from the main dimensions of 141 
the hull, parameters are introduced to control specific areas at the aft and fore ends. For example, the 142 
bilge height and width, the shape of the bulbous bow, as well as the position of the propeller tube and 143 
the transom are controlled by parameters. 144 
 145 
 146 
Figure 2: Modelled aft and fore body 147 
 148 
In order to create an adequately faired and smooth hull surface, a Lackenby transformation is applied 149 
(Lackenby, 1950). It starts with a hydrostatic and sectional area curve calculation. These are used as 150 
input to the Lackenby transformation. By adjusting the prismatic coefficient (CP) and the longitudinal 151 
centre of buoyancy (LCB), the final hull geometry is produced. This process allows shifting sections 152 
aft and fore, while fairness optimised B-Splines are utilised (Abt & Harries, 2007). 153 
 154 
Next step is to create the superstructure and the cargo arrangements (Figs. 3, 4). New programmes (or 155 
³features´, as they are called within CAESES®) were developed for this purpose. Taking into account 156 
several parameters, such as the number of decks, the bay spacing, the double bottom and double side 157 
distances, the required surfaces are produced to build the deckhouse and the cargo arrangement below 158 
and above the main deck. The feature responsible for the creation of the superstructure takes as input 159 
the number of tiers above the main deck, the desired position along the longitudinal direction, the 160 
height of each deck and the dimensions of the superstructure in the longitudinal and transverse 161 
directions in order to build the superstructure in the appropriate position. The feature responsible for 162 
the development of the internal cargo storage arrangement creates the surface on which the TEUs are 163 
stored, while monitoring the distance of this inner surface from the outer cell of the hull. The feature 164 
responsible for the development of the cargo storage arrangement above the main deck is designed in 165 
such a way, so as to take into account the visibility line rule imposed by the IMO (IMO, 1991). The 166 
feature automatically takes as input the visibility line and the number of deckhouse decks, both of 167 
which are defined in the model. This prevents an excessive vertical stowage of containers above the 168 
main deck. In addition, the feature follows the deck line and monitors the available space along the 169 
beam of the ship to define the proper amount of TEU rows above the main deck. 170 
 171 
 172 
Figure 3: Parametric model 173 
 174 
In both cases, several parameters are used to define the cargo space, such as the bay spacing and the 175 
dimensions of the standardised TEU unit. The computations are performed separately for each bay, so 176 
that maximum cargo storage capacity is guaranteed by taking advantage of every available space 177 
within the hull, especially in the regions where the complexity of the geometry is higher (e.g. the bow 178 
area). 179 
 180 
 181 
Figure 4: Definition of bays, rows and tiers in a containership cargo arrangement 182 
 183 
2.2 Computations 184 
 185 
After the proper definition of the parametric model, several computations take place, in order to 186 
produce the required values, which are then used as input during the calculation of the performance 187 
indicators examined in the present study. 188 
 189 
For this reason, custom features are created within the software. Cargo capacity is automatically 190 
computed thanks to a feature that retrieves information from those responsible for the creation of the 191 
cargo arrangements. Apart from the actual measurement of the TEUs below and above the main deck, 192 
these features are designed to calculate the vertical and longitudinal moments, as well as the vertical 193 
and longitudinal centres of gravity, which are used as input in other computations. 194 
 195 
Before proceeding to the remaining computations, a hydrostatic calculation is run first. Earlier, the 196 
same action took place; however, it was before the final hull was generated. Since its characteristics 197 
have changed after the last hydrostatic computation, a new run is necessary for the following steps of 198 
the project. 199 
 200 
Custom features estimate the total ship resistance (RT) according to the Holtrop and Mennen method 201 
(Holtrop & Mennen, 1978). Holtrop and Mennen method is one of the mostly used empirical methods 202 
to estimate the resistance and propulsion requirements. It is believed to produce satisfactory results. 203 
The aim of this study is to find an optimal containership design using a fast optimisation procedure, 204 
hence CFD was not utilised in this case, although it would be preferred over an empirical method as 205 
more accurate results would be produced through CFD. Since the method is programmed within the 206 
core software tool, the calculations are done fast and an estimation of the total resistance of the hull is 207 
obtained without having to run time-consuming CFD analyses. The overall resistance is divided into 208 
categories as defined by the aforementioned method. At this stage, the service speed of our model is 209 
determined, since it is required for the calculations. Taking into account the recent trend of slow 210 
steaming, the operational speed is set to 20 knots. 211 
 212 
The Holtrop and Mennen method includes formulas for the estimation of the effective horsepower 213 
(EHP) and the shaft horsepower (SHP) (Holtrop & Mennen, 1978). First, the EHP is calculated, since 214 
both the total resistance and the YHVVHO¶VVSHHG are known. Having already found the necessary 215 
propulsion and efficiency factors from the resistance computations, the calculation of SHP is then 216 
possible. The final result is increased by 20% to include a sea margin as well as the impact of hull 217 
fouling, representing the common practice in the shipping industry (MAN Diesel & Turbo, 2011). 218 
Next, the estimation of the auxiliary power follows. Finally, the fuel consumption is estimated. Next, 219 
the estimation of the auxiliary power follows, using the following formula: 220 
 221 ୆I?I?I?ൌ  ? ? ?൅  ?Ǥ ? ? ? ୆I?I?଴Ǥ଻  
 222 
The next step is to calculate the lightship of the modelled ship. The lightship weight is divided into 223 
three categories; the steel weight, outfitting weight, and the machinery weight. Steel weight is 224 
computed using the Schneekluth and Müller-Köster methods. Outfitting and machinery weights are 225 
calculated using existing formulas, taking as input several parameters, such as the main dimensions of 226 
WKHVKLSDVZHOODVWKHPDLQHQJLQH¶VSRZHU(Papanikolaou, 2014). In addition, longitudinal and 227 
vertical centres of gravity are estimated, to be used later at the generation of the examined loading 228 
cases. 229 
 230 
Even though the methods utilised for this step are semi-empirical approaches, and thus, an 231 
approximation of the exact values, we aim at the most accurate results. In this context, it should be 232 
noted that several parameters needed for the computations are derived from applications and detailed 233 
calculations performed by the CAESES®, such as the enclosed volume of the hull, which is very 234 
important for the rest of the process. Moreover, the formulae were calibrated using a similar 6,300 235 
TEU containership, for which detailed lightship breakdown and other data were available. This 236 
allowed the calculation of correction factors that would improve the final outcome of the PRGHO¶V237 
lightship estimation, since the actual lightship weight and centre of gravity of the reference ship were 238 
known. Thus, first, all required calculations for the reference ship were performed in Microsoft 239 
Excel® (Microsoft, 2010) and a customised code was developed in CAESES®, including the methods 240 
XVHGLQWKHILUVWVWHSVRDVWRGHWHUPLQHWKHPRGHO¶VOLJKWVKLSFKDUDFWHULVWLFV,WVKRXOGEHQRWHGWKDW241 
this feature takes as input the data from the computations performed in Microsoft Excel®, so as to 242 
LQFOXGHWKHFRUUHFWLRQIDFWRUVLQWKHPRGHO¶VOLJKWship computation. 243 
 244 
Afterwards, custom features responsible for the deadweight analysis generate the necessary values for 245 
the determination of the loading cases examined. An operational profile is set up at this stage, so as to 246 
reckon the amount of consumables carried on board (Table 1). 247 
 248 
Table 1: Operational profile 249 
Operational speed (knots) 20 250 
One-way route distance (nm) 12,205 251 
Number of ports  18 252 
Average time at port (h)  15.3 253 
Transit time (days)  63 254 
 255 
The final design computation that has to be performed is the allocation of the necessary tanks in the 256 
PRGHO¶VKXOO7KHWDQNVFUHDWHGLQWKHPRGHODUHPDLQO\WKHRQHVFRQWDLQLQJWKHIXHOGLHVHODQGOXEH257 
oil, as well as the water ballast tanks. At first, sections which represent the tanks are generated. Then, 258 
hydrostatic calculations are performed to determine the basic properties of the tanks, such as the 259 
volume, weight, and their centre of gravity. 260 
 261 
2.3 Performance indicators 262 
 263 
Following the definition of the features responsible for the naval architectural computations, the 264 
development of those responsible for the determination of the design indicators takes place. These 265 
indicators will then be used as the objectives in the optimisation procedure. 266 
 267 
One of the optimisation criteria in our project is the minimisation of the EEDI. A custom feature is 268 
programmed in order to calculate both the required and the attained EEDI values, according to the 269 
regulations (IMO, 2012c). The required EEDI value is calculated based on the following formula: 270 
 271 ୰ୣ୯ ൌ  ൈ ିୡ ൈ O? ? െ ? ? ?O? 
 272 
Where a and c are equal to 174.22 and 0.201, respectively, according to the IMO in case of 273 
containerships, b stands for the deadweight of the vessel, and x is a reduction factor. The feature is 274 
programmed in such way to include the reduction factor as a parameter that can change within the 275 
creation of the model. In the present study, the optimisation is run for the current conditions, i.e. the 276 
reduction factor is considered to be equal to 10%. However, the designer can select the desired value, 277 
depending on the conditions that have to be met in a particular study. 278 
 279 
On the other hand, the attained EEDI value is calculated using the following conceptual formula 280 
(measured in gr CO2/tonne mile): 281 
 282 ୟ୲୲ ൌ O?O?െ O?O?O?O?  
 283 
The ship emissions include that of the main engine, auxiliary engines, as well as the shaft generators, 284 
and motor emissions. The efficiency technologies include several arrangements, modifications, or 285 
installations to the hull or the propulsion system, which result in increased efficiency. Hence, these 286 
technologies should be taken into account in the calculation of the attained EEDI as a reduction factor. 287 
Finally, the transport work takes into account the cargo loading of the ship, as well as its service speed 288 
(DNV GL, 2013, MAN Diesel & Turbo, 2015). 289 
 290 
Apart from producing the values mentioned aboveDQ³DWWDLQHGUHTXLUHG´((',UDWLRLVDOVR291 
calculated, to be used as a constraint during the optimisation phase. 292 
 293 
Another significant performance indicator for this study, the required freight rate (RFR), is also 294 
calculated by use of newly developed features in CAESES®. This value indicates the minimum rate 295 
that evens the properly GLVFRXQWHGVKLS¶VH[SHQVHV7KHPDLQIRUPXODXVHGWRFDOFXODWHWKH5)5LVWKH296 
following (Watson, 1998): 297 
 298 
	 ൌ ෍ O?O?O?൅ O?O?O?O? ൈ O?O? O?୒୧  
 299 
where PW is the present worth of the respective cost. The overall cost is divided into two categories; 300 
the operating cost and the ship acquisition cost. The former is mainly based on the running costs of 301 
the ship, such as cost for the fuel, crew, stores, maintenance, insurance, administration, and port costs. 302 
As far as the fuel cost is concerned, a review is made first, so as to identify the HFO and MDO costs. 303 
Then, taking into account the route length and the fuel consumption of the model, the total fuel cost is 304 
reckoned. As far as the ship acquisition cost is concerned, to perform the calculations, several data are 305 
used as input, including the steel mass of the vessel, cost of steel, discount rate, operation time, main 306 
dimensions, and HQJLQHV¶SRZHU (Soultanias, 2014). 307 
 308 
One of the most important innovation elements in the model is the control of trim and stability, while 309 
optimising for maximum number of containers on deck and minimum carried ballast. This step is 310 
essential for the implementation of the next one, namely the generation of the loading cases. Within 311 
this software module, essential ship hydrostatic and stability parameters are determined, such as the 312 
values of the restoring arm lever GZ-%? curve, the trim of the ship, as well as the vertical centre of 313 
mass KG and longitudinal centre of mass LCG values that are used in the loading cases computation. 314 
The stability is evaluated by assuming a homogenous stow. The assessment of the initial and large 315 
angle stability of the vessel is undertaken for common type loading conditions in accordance with the 316 
IMO A.749/A.167 intact stability criteria. The code used in this project generates the GZ-%? curve, by 317 
running several hydrostatic computations at various heeling angle values. A continuous check is 318 
performed, to ensure that the model complies with the IMO intact stability criteria. If the latter is not 319 
the case, the stowage of cargo, ballast and fuel, along with the associated KG and LCG values are 320 
modified and the whole process is repeated, until the criteria are met. The ultimate goal of this 321 
iterative procedure is to minimisHWKHDPRXQWRIFDUULHGZDWHUEDOODVWDQGLGHQWLI\³]HUR EDOODVW´322 
loading conditions. During this procedure, the payload weight, calculated based on the homogenous 323 
weight per TEU, as well as its vertical centre of gravity are taken into account. 324 
 325 
A new element introduced in this optimisation problem, compared to previous similar studies (Priftis 326 
et al., 2016b) is the consideration of the imminent changes in the stability regulations. In particular, 327 
the level 1 and 2 draft criteria for parametric roll failure mode according to the IMO are applied in this 328 
project (IMO, 2015). The level 1 criterion, based on the Mathieu equation, is meant to be simple and 329 
conservative, in order to quickly detect a vulnerability to parametric roll. On the contrary, level 2 330 
criterion is more complex and accurate, taking into account more detailed parameters so as to 331 
determine whether the ship is vulnerable to parametric roll or not. In order to properly define a way to 332 
perform the level 1 and 2 checks within CAESES®, multiple features are created, each one having a 333 
specific purpose. Moreover, several external software programmes are connected with the model, so 334 
as to quickly evaluate certain parameters required for these particular computations. Maxsurf Stability 335 
Enterprise® (Bentley Systems, 2014) is used to produce values of the metacentric height (GM) in 336 
various wave conditions, as proposed by the regulations, while Matlab® (Mathworks, 2014) is 337 
responsible for the calculation of the roll amplitude during the level 2 criterion check, where complex 338 
equations must be solved. 339 
 340 
The last computation required is the generation of the loading conditions. A custom feature was 341 
developed for this purpose. The loading conditions investigated in this study are the maximum TEU 342 
capacity and the ³zero ballast´ conditions. Both of them require several parameters and elements 343 
determined in previous stages. These parameters consist of various weight groups, as well as their 344 
longitudinal and vertical centres of gravity which represent the data used as input in this computation. 345 
These groups include the displacement, the lightship, the payload, divided into the below and above 346 
main deck TEUs, the consumables, and the water ballast. As far as the water ballast is concerned, 347 
several groups are defined, to fill only the minimum required space with sea water. 348 
 349 
For the maximum TEU capacity case, the main objective is to maximise the cargo capacity. On the 350 
other hand, the ³zero ballast´ condition is defined as a condition where no water ballast is loaded for 351 
stability reasons, with the exception of some limited water ballast in the aft and fore peak tanks, for 352 
trim balance. As in the former case, the objective is the maximisation of the number of loaded TEUs. 353 
 354 
Following the definition of the loading cases, two performance indicators are created; the port 355 
HIILFLHQF\DQGWKH]HUREDOODVWZDWHULQGLFDWRUV7KHIRUPHULVUHSUHVHQWHGE\DQ³RQGHFNLQKROG´356 
stowage ratio, which takes as input the number of containers stacked above and below the main deck, 357 
calculated in a previous computation. The objective is to maximise the ratio i.e. the number of TEUs 358 
stored on deck. As far as the zero ballast condition is concerned, a performance indicator, which is 359 
also one of the objectives of the optimisation procedure, is defined at this stage. Instead of using the 360 
actual TEU capacity of the zero ballast condition, a parameter representing a capacity ratio is used. 361 
This ratio is defined by dividing the number of containers the ship can transport while in zero ballast 362 
to the maximum TEU capacity of the ship. As in the case of stowage ratio, the higher the capacity 363 
ratio, the more competitive is the vessel. 364 
 365 
2.4 Design exploration 366 
 367 
Before proceeding to the formal optimisation round, a design of experiment (DoE) is conducted first. 368 
This process allows the examination of the design space and the response of several parameters to the 369 
FKDQJHRIWKHPRGHO¶VPDLQFKDUDFWHULVWLFV7KHDOJRULWKPXWLOLVHGLVWKH6RERODOJRULWKPDTXDVL-370 
random sequence which secures the overall coverage of the design space, while overlapping of 371 
previous set of sequences is avoided (Mohd Azmin & Stobart, 2015). Through the DoE, the 372 
investigation of the feasibility boundaries is ultimately achieved, allowing the detection of the trends 373 
of the design variables (Table 2) with regard to the optimisation objectives. In our case, the design 374 
engine is assigned to create 250 variants of the initial model. At this point, no objectives need to be 375 
determined, since only the feasibility boundaries are investigated. However, several parameters are 376 
evaluated through this process. 377 
 378 
The design variables used in this study are presented in table 2. They consist of TEU arrangement 379 
elements, such as the number of bays and rows, certain hull dimensions, such as the double bottom, as 380 
well as the variation of the CP and LCB values. Since the main dimensions of containerships are 381 
highly dependent on the container arrangement, the main dimensions of the model derive from these 382 
design variables. For instance, the beam of the hull is calculated by taking the number of rows, the 383 
beam of each container and the double side dimension into account. As far as the variation of the CP 384 
and LCB values are concerned, the range selected in this case represents the percentile change in the 385 
values used in the baseline model, in order to apply the Lackenby transformation on the hull to create 386 
a new variant. 387 
 388 
Table 2: Design variables 389 
Design variable  Minimum value  Maximum value 390 
Bays   18   20 391 
Rows   14   18 392 
Tiers in hold  8   10 393 
Tiers on deck  6   8 394 
Double bottom (m) 2.00   3.00 395 
Double side (m) 2.00   3.00 396 
įCP   -0.06   0.06 397 
įLCB   -0.026   0.026 398 
Bilge radius (m) 4   6 399 
 400 
Moreover, the constraints are set (Table 3), so as to have a clear view of which of the subsequent 401 
variants violate criteria that must be met. 402 
 403 
Table 3: Design constraints 404 
Constraint     Value 405 
³$WWDLQHGrHTXLUHG´((',    406 
GZ area (0-30 deg)    P-rad 407 
GZ area (0-40 deg)    P-rad 408 
GZ area (30-40 deg)    P-rad 409 
Initial metacentric height GM   P 410 
Angle at GZmax     GHJ 411 
GZmax       m 412 
Homo weight/TEU (maximum TEU capacity) W 413 
Homo weight/TEU (zero ballast condition) W 414 
Trim at full load departure condition  /BP 415 
Parametric roll criteria    = 1 (pass) 416 
 417 
When the run ends, a wide variety of results are displayed, which provide information about the 418 
design space. It is worth mentioning that the TEU capacity of the model is not constrained, thus the 419 
maximum and minimum number of TEU capacity of the variants is not limited to the 6,000-7,000 420 
area. 421 
 422 
2.5 Multi-objective optimisation 423 
 424 
The last step to complete the procedure is to set up the formal optimisation round. To achieve that, the 425 
non-dominated sorting genetic algorithm II (NSGA-II) is utilised (Deb et al., 2002). In particular, 426 
during each run, 300 generations are created, having a population size of twelve, each. This results in 427 
a total of 3,600 produced variants. The design variable extents remain the same, as the design space 428 
proved to be well defined, following the DoE phase. In addition, the design variableV¶ range remains 429 
the same, as the design space proved to be well defined. As far as the constraints are concerned, apart 430 
from the ones defined in the previous stage, two additional are set to delimit the maximum TEU 431 
capacity of the ship variants. Therefore, an upper (7,000 TEUs) and lower (6,000 TEUs) limit is 432 
defined. Unlike the previous phase, in this case, apart from the evaluation of various parameters of the 433 
model, several objectives are defined: 434 
 435 
Minimisation of the RFR 436 
Maximisation of the capacity ratio 437 
Minimisation of the EEDI 438 
Maximisation of the stowage ratio 439 
Minimisation of the overall ship resistance 440 
 441 
The results of a multi-disciplinary optimisation procedure define the Pareto front of the non-442 
dominated designs. As the decision maker needs to select one design, Multi Attribute Decision 443 
Making (MADM) is applied. Several case scenarios are created, so as to determine the optimal of the 444 
top solutions to the problem. In this study, three distinctive scenarios are defined, where the 445 
significance of each objective is acknowledged differently by assigning speciILF³ZHLJKWV´IROORZLQJ446 
the utility functions technique of decision making theory (Table 4) (Sen & Yang, 1998). In scenario 1, 447 
all five objectives are considered to be equally important; hence each one is assigned a weight at 448 
saturation of 20%. On the other hand, in scenarios 2 and 3, the RFR and capacity ratio are chosen 449 
respectively to be more significant for the decision maker (designer, operator) by assigning to them a 450 
weight of 50% and 20% for the most important and the second most important objective in both cases, 451 
whereas the rest are assigned a weight of 10%. After obtaining the results of each run, the data are 452 
normalised according to the scenarios. Next, the normalised data are ranked to find the optimal variant 453 
of our model. The maximum score that can be achieved after this process for each design, in each case 454 
scenario, is 1, whereas the lowest is 0. In most cases, a specific variant dominates in every scenario. 455 
 456 
Table 4: Case scenarios 457 
Objective Scenario 1 Scenario 2 Scenario 3 458 
RFR  20%  50%  20% 459 
Capacity ratio 20%  20%  50% 460 
EEDI  20%  10%  10% 461 
Stowage ratio 20%  10%  10% 462 
Ship resistance 20%  10%  10% 463 
 464 
3 DISCUSSION OF RESULTS 465 
 466 
3.1 Base model 467 
 468 
Before proceeding to the actual results, some essential information about the base model is presented, 469 
in order to have a clear perspective of the initial hull (Tables 5-6). 470 
 471 
Table 5: Base model design variable values 472 
Design variable  Base model value 473 
Bays   19 474 
Rows   16 475 
Tiers in hold  9 476 
Tiers on deck  6 477 
Double bottom (m) 2.0 478 
Double side (m) 2.1 479 
įCP   -0.01125 480 
įLCB   -0.00375 481 
Bilge radius (m) 5 482 
 483 
Table 6: Base model design objective values 484 
Objective   Base model value 485 
RFR ($/TEU)   582.35 486 
Capacity ratio   0.5206 487 
EEDI (gr CO2/tonne mile) 8.80 488 
Stowage ratio   0.9451 489 
Ship resistance (kN)  1,559 490 
 491 
3.2 Design of experiment 492 
 493 
The DoE phase enables the exploration of the huge design space, which is impossible in traditional 494 
ship design procedures. The following observations can be made. 495 
 496 
As far as the correlation between the number of bays and the attained EEDI is concerned, it is evident 497 
that as the former increases, the latter decreases (Fig. 5). As the number of the bays gets higher, since 498 
the total TEU capacity is not constant, the number of containers carried on board also rises, resulting 499 
in a higher deadweight value. Since the latter is inversely proportional to the attained EEDI value, it 500 
can be understood that there is a strong relation between the number of bays and the EEDI value. 501 
Similar behaviour can be observed in the correlation between the number of rows and the attained 502 
EEDI ±the total TEU capacity is variable in this case as well (Fig. 6). 503 
 504 
 505 
Figure 5: Bays vs. EEDI 506 
 507 
 508 
Figure 6: Rows vs. EEDI 509 
 510 
Furthermore, the relation between the tiers below the main deck and the stowage ratio is presented in 511 
figure 7. The higher the number of the container stacks, the lower the stowage ratio. This trend is 512 
expected, as the increase in the number of TEUs below the main deck results in a lower number of 513 
containers stacked above the main deck, for a given TEU capacity range. 514 
 515 
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 516 
Figure 7: Tiers below deck vs. stowage ratio 517 
 518 
Finally, as far as the dependency of the RFR on the number of tiers above the main deck is concerned, 519 
it is evident that the RFR decreases, as the latter increases (Fig. 8). As previously mentioned the 520 
number of tiers below and above the main deck is interdependent. Moreover, it can be understood that 521 
a tier located above the main deck contains more TEUs than one below the main deck, due to the hull 522 
shape restrictions. Hence, by increasing the number of tiers above the main deck, a larger cargo 523 
capacity can be achieved for the same main dimensions of the ship, which in turn leads to a lower 524 
RFR. 525 
 526 
 527 
Figure 8: Tiers above deck vs. RFR 528 
 529 
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 531 
Following the NSGA-II run and the evaluation of the results, an improved design, named Des0990, is 532 
identified. Des0990 ranked first in the first two case scenarios. A second variant, named Des0449, 533 
ranked first in the third scenario. Following the decision making process, Des0990 is ultimately 534 
selected as the optimal design (Figs. 9-11). Below, some principal information of the optimised design 535 
can be found (Fig. 12, Tables 7-8). 536 
 537 
 538 
Figure 9: Scenario 1 ranking 539 
 540 
 541 
Figure 10: Scenario 2 ranking 542 
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 544 
Figure 11: Scenario 3 ranking 545 
 546 
 547 
Figure 12: Des0990 model 548 
 549 
Table 7: Des0990 design variable values 550 
Design variable  Des0990 value 551 
Bays   19 552 
Rows   15 553 
Tiers in hold  8 554 
Tiers on deck  8 555 
Double bottom (m) 2.78 556 
Double side (m) 2.07 557 
įCP   -0.05624 558 
įLCB   0.02376 559 
Bilge radius (m) 4.877 560 
0.5
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Des0449 Des1847 Des2047 Des3502 Des0990
Scenario 3 
 561 
Table 8: Des0990 objective values 562 
Objective   Des0990 value 563 
RFR ($/TEU)   501.55 564 
Capacity ratio   0.5314 565 
EEDI (gr CO2/tonne mile) 8.51 566 
Stowage ratio   1.4553 567 
Ship resistance (kN)  1,429 568 
 569 
A set of graphs containing the relation between the optimisation objectives is presented below. The 570 
Pareto front is demonstrated by a solid black line in each case. 571 
 572 
As far as the values of the RFR and the stowage ratio are concerned, a favourable trend can be 573 
observed. In particular, it can be understood that the higher the stowage ratio, the smaller the freight 574 
rate. As one would expect, as the stowage ratio rises, the total number of containers transported is 575 
increased for a given set of main dimensions. Hence, the deadweight is increased and the RFR value 576 
gets lower (Fig. 13). 577 
 578 
 579 
Figure 13: RFR vs. stowage ratio 580 
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In case of the two examined ratios ±capacity and stowage± an inversely proportional trend can be 582 
observed. Variants which feature high stowage ratio are characterised by low capacity ratio and vice 583 
versa. This is the main difference between the two identified designs, Des0990 and Des0449 (Fig. 14). 584 
 585 
 586 
Figure 14: Capacity vs. stowage ratio 587 
 588 
As far as the relationship between the attained EEDI and the capacity ratio is concerned, a clear 589 
Pareto front can be identified. There are many designs in the range between 0.625 and 0.650 (as far as 590 
the capacity ratio is concerned) that feature an attained EEDI value of 8.75 up to 10.50 gr CO2/tonne 591 
mile. The identified improved design Des0990 has one of the lowest EEDI values but a relatively 592 
small capacity ratio. Nevertheless, Des0990 performed better than the baseline ship in that respect 593 
(Fig. 15). 594 
 595 
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Figure 15: Att. EEDI vs. capacity ratio 597 
 598 
Regarding the relation between the stowage ratio and the total resistance, a slight decline in the 599 
overall resistance can be observed, as the stowage ratio rises. Des0990 marks a great improvement as 600 
far as the stowage ratio is concerned, while it manages to achieve a lower total resistance (Fig. 16). 601 
 602 
 603 
Figure 16: Stowage ratio vs. total resistance 604 
 605 
Finally, it is worth commenting on the relation between then total resistance and the RFR. As in 606 
previous observations, it can be concluded that the resistance gets lower as the freight rate values 607 
become smaller (Fig. 17). Resistance influences directly the required power for propulsion. In 608 
addition, the fuel costs are taken into account in RFR estimation. Since fuel cost is proportional to the 609 
PDLQHQJLQH¶VSRZHUORZHUUHVLVWDQFHPHDQVORZHUUHTXLUHGSRZHUZKLFKLQWXUQFDQEHWUDQVODWHGWR610 
reduced fuel costs and lower RFR values. 611 
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 613 
Figure 17: Total resistance vs. RFR 614 
 615 
The results presented above can be compared with previews optimisation runs on the same setup as 616 
above (Priftis et al., 2016a). In particular, a less extensive NSGA-II run within CAESES® produced a 617 
similar improved design, named Con156. During this run, 260 variants were created. Judging from the 618 
graphs of these two optimisation results, similar Pareto fronts can be observed, which shows that 619 
NSGA-II can get a uniform high-quality Pareto front in multi-objective optimisation problems with 620 
excessive targeting. Details of the selected improved design produced during the less extensive 621 
optimisation run can be found in tables 9-10: 622 
 623 
Table 9: Con156 design variable values 624 
Design variable  Con156 value 625 
Bays   20 626 
Rows   15 627 
Tiers in hold  8 628 
Tiers on deck  8 629 
Double bottom (m) 2.50 630 
Double side (m) 2.42 631 
įCP   -0.04662 632 
įLCB   -0.01680 633 
475
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Bilge radius (m) 4.242 634 
 635 
Table 10: Con156 objective values 636 
Objective   Con156 value 637 
RFR ($/TEU)   504.86 638 
Capacity ratio   0.5233 639 
EEDI (gr CO2/tonne mile) 9.04 640 
Stowage ratio   1.5186 641 
Ship resistance (kN)  1,496 642 
 643 
Con156 features 20 bays, whereas Des0990 has one bay less than that. The number of rows and tiers 644 
above and below the main deck is the same in both cases. As far as the rest of the design variables are 645 
concerned, the differences are relatively small (Tables 7, 9). With regard to the objective values, a few 646 
similarities can be observed. For instance, both improved variants attained the best RFR values among 647 
the design variants in each run. In addition, both designs feature a relatively high stowage ratio; 648 
however, their capacity ratio is not one of the best that occurred during the optimisation runs. This can 649 
be explained by the fact that the stowage ratio has a greater impact in the optimal design selection 650 
during the MADM process. In both runs, the relation between the two ratios can be described as 651 
inversely proportional. Hence, a design with a high stowage ratio ±and consequently a low capacity 652 
ratio value± was declared as the best among the produced variants in both cases. Finally, it should be 653 
mentioned that both Des0990 and Con156 achieved one of the lowest resistance values during the 654 
NSGA-II runs. 655 
 656 
A one-to-one comparison between the baseline model and Des0990 is made, to show the percentage 657 
differences in several elements (Table 11). 658 
 659 
Table 11: Baseline design vs. Des0990 660 
Data    Baseline Des0990 Difference 661 
Bays    19  19  0 662 
Rows    16  15  ±1 663 
Tiers in hold   9  8  ±1 664 
Tiers on deck   6  8  +2 665 
Double bottom (m)  2.0  2.78  +0.78 666 
Double side (m)  2.1  2.07  ±0.03 667 
Bilge radius (m)  5  4.877  ±0.123 668 
Total resistance (kN)  1,559  1,429  ±8.33% 669 
Maximum TEU capacity 6,487  6,789  +4.65% 670 
Zero ballast TEU capacity 3,377  3,608  +6.84% 671 
Capacity ratio   0.5206  0.5314  +2.07% 672 
Stowage ratio   0.9451  1.4553  +53.98% 673 
RFR ($/TEU)   582.35  501.55  ±13.87% 674 
EEDI (gr CO2/tonne mile) 8.80  8.51  ±3.29% 675 
 676 
As far as the main dimensions are concerned, the improved design features the same amount of bays, 677 
while the number of rows and tiers below the main deck are decreased by one. Also, two extra tiers 678 
above the main deck are carried in the improved design. It should be noted that Des0990 is one of the 679 
few produced variants that feature eight tiers above the main deck. Due to stability restrictions, most 680 
of the successful design variants can carry only up to six or seven tiers of containers above the main 681 
deck. The extra tier found in Des0990 offers the advantage of an increased stowage and capacity ratio, 682 
as well as a reduced RFR, due to the higher total number of TEUs carried on board. In addition, the 683 
homogenous weight of each TEU in the maximum TEU capacity loading condition is 7.48 t, while in 684 
the zero ballast loading condition it is 22.15 t. Hence it is ensured that the containers will not collapse 685 
due to over-stacking, since the maximum number of tiers under and over the main deck is eight and 686 
the maximum superimposed load each ISO container can withstand is 192 t, according to regulations 687 
(IMO, 2014). Furthermore, the double bottom distance is higher in Des0990¶VFDVHZKLOHWKHdouble 688 
side distance and the bilge radius are reduced compared to the baseline design. 689 
 690 
Overall, the improvement of the initial containership design is obvious. Des0990 manages to 691 
outperform the original in every objective. In addition, it should be noted that the attained/required 692 
EEDI ratio for the current state of the rules is equal to 0.53, providing a safety margin from the 693 
maximum allowed value set by regulations. On top of that, Des0990 manages to be a future-proof 694 
design, as the attained EEDI value of 8.51 gr CO2/tonne mile is in fact well below the value of 12.47 695 
gr CO2/tonne, which represents the reference line EEDI value when the reduction factor reaches the 696 
most conservative level of 30% in 2025 (Table 12). A notable improvement can be observed in the 697 
port efficiency factor and the RFR objectives, where an increase of 54% and a decrease of 14% are 698 
achieved, respectively. 699 
 700 
Table 12: EEDI reference values 701 
Design  Phase 1 (10%) Phase 2 (20%) Phase 3 (30%) 702 
Baseline 15.87  14.10  12.34 703 
Des0990 16.03  14.25  12.47 704 
Des0449 16.11  14.32  12.53 705 
 706 
4 SUMMARY AND CONCLUDING REMARKS 707 
 708 
Through the work presented in this paper, the advantages of the utilisation of modern design 709 
optimisation in the shipbuilding industry have been demonstrated. By incorporating this type of 710 
parametric optimisation process in the early stages of ship design, a much improved design can be 711 
produced, providing numerous benefits to a potential builder and end user (ship owner). Furthermore, 712 
it is demonstrated that using modern CAD/CAE systems, it is possible to explore the huge design 713 
space with little effort, while generating excellent/partly innovative results within very short lead 714 
times. The presented methodology and the implemented CAD system allow the integration of more 715 
DGYDQFHGWRROVIRUWKHLPSURYHGPRGHOOLQJRIHJVKLS¶VK\GURG\QDPLFVRUVKLS¶VVWUHQJWh. The 716 
optimisation can include other areas of ship design as main objectives, such as structural strength or 717 
seakeeping, allowing naval architects to achieve a greater degree of holism in the design process 718 
(Papanikolaou, 2010). 719 
 720 
It is evident that the relation of the design process with statutory regulations should be included in the 721 
optimisation process as well, as new rules are introduced every year. The present study incorporated 722 
new tools for the newly developed second generation criteria for parametric roll failure mode. The 723 
results indicate how the model should be designed to pass certain criteria to comply with international 724 
regulations, while it becomes clear that specific design parameters, such as the bilge radius and 725 
consequently, the midship coefficient, affect the above. 726 
 727 
Compared to previous studies (Priftis et al., 2016b), the present paper shows that the consideration of 728 
newly developed intact stability criteria, such as the parametric roll check, influences the 729 
characteristics of the optimal containership design. Since these criteria have been recently developed, 730 
there are limited optimisation studies that take them into account. However, their consideration in a 731 
multi-objective design optimisation is important, as containership design will be affected once these 732 
criteria come into force. When parametric roll failure mode is not considered, an optimal 733 
containership would feature a different containership arrangement, compared to the optimal design 734 
identified in the present study. The introduction of new design parameters that extend the control over 735 
the hull increased the flexibility of altering the hull shape and led to new findings after the 736 
optimization was run. In addition, some parameters, such as the oil prices, differ between several 737 
optimisation studies, due to the fluctuation in prices throughout time and indicate that an optimal 738 
design can potentially be affected by such parameters. Future work could of course include the rest of 739 
the second generation intact stability criteria as part of the optimisation procedure, while uncertain 740 
parameters need to be treated accordingly to get more accurate results. 741 
 742 
As far as the results of the current application are concerned, some general observations can be made 743 
and conclusions drawn. 744 
 745 
The majority (71%) of the feasible variants produced during the optimisation process feature 15 rows. 746 
Since wider designs may be more prone to increased transverse accelerations in seaways, this 747 
observation seems to be valid, as the parametric rolling is taken into account in this optimisation 748 
study. The optimal design is characterised by the same number of row. Moreover, the highest ranked 749 
designs feature the minimum allowed number of tiers in hold. This can be explained by the fact that 750 
the maximisation of the stowage ratio is desired in this study. Hence, the number of TEUs below the 751 
main deck has to be minimal. 752 
 753 
The methodology presented in this study can be also applied to other containership sizes or other ship 754 
types (Koutroukis et al., 2013, Soultanias, 2014)0RUHSKDVHVRIWKHVKLS¶VOLIHF\FOHFDQEH755 
integrated to future studies, resulting in more comprehensive holistic ship design investigations 756 
(Papanikolaou, 2010). 757 
 758 
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